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LETTER OF TRANSMITTAL.

DEPARTMENT OF THE INTERIOR,
UNITED STATES GEOLOGICAL SURVEY,
DivisioN oF HYDROGRAPHY,
Washington, April 13, 1897.

Sik: I have the honor to transmit herewith a manuseript entitled
Windmills for Irrigation, by E. C. Murphy, professor of civil engi-
neering in the University of Kansas, at Lawrence. This gives the
results of experimental tests carried on during the summer of 1896
upon windmills located for the greater part in the vicinity of Garden,
Kansas. These results are presented in condensed form for early
publication in order that they may be available for use and discus-
sion by persons interested in the matter. Theyshould be considered
as preliminary to a more popular presentation, which, however, can
be given only when a considerable number of experimental measure-
ments of various kinds have been completed and a careful study yield-
ing general conclusions has been made.

In detailed work of this character it is impossible to avoid technical
discussions and mathematical formulas, but as far as possible the
results of the tests have been expressed in graphic diagrams. A care-
ful study and comparison of these and of the accompanying descrip-
tions shows the' difference of behavior of the mills examined under
the conditions in which they were found. It is, of course, impossible
to draw conclusions applicable to all mills from the examination of a
few, but the facts here shown are significant and worthy of careful
consideration.

Very respectfully, F. H. NEWELL,
Hydrographer vn Charge.
Hon. CHARLES D. WALCOTIT,
Director United States Geological Survey.






WINDMILLS FOR IRRIGATION.

By E. C. MURPHY.

INTRODUCTION.

The windmill has long been employed to perform mechanical work.
Just when and where the first windmill was used is not definitely
known, but we know that a considerable number were utilized in
France in the twelfth century. They were employed in Holland in
the fifteenth century in pumping surface water over the dikes into
the sea. It is not the purpose of this paper, however, to trace the
history! or development of windmills, but to present the results of
some recent measurements on the useful work windmills are doing,
especially when employed to pump water. It is surprising to note
how little definite information there is in regard to the efficiency of
windmills, especially of the steel back-geared mills of the present day.
Thousands, perhaps hundreds of thousands, are in use doing work of
various kinds, and yet very few careful measurements have been
made to determine their horsepower or the number of foot-pounds of
work they are accomplishing under different velocities. It was to
supply in a measure this lack that in 1895 the writer undertook to
measure, with instruments then at his disposal, the pumping power
of windmills. In 1896, with much better facilities, he continued this
work, extending it to include power as well as pumping mills. The
attempt was not made to measure the power of every make of mill;
that was impossible. It was thought best to confine the work to
different sizes of the standard mills, those that are used to a large
extent and are giving satisfaction. In some cases two or three tests
of the same size and make of mill were made for the purpose of show-
ing the influence of the pump or well on the useful work done.

Perhaps nowhere in the United States is irrigation from wells by
the use of windmills so extensively practiced as in the vicinity of
Garden. Here are found hundreds of windmill pumping plants, irri-
gating from 1 to 15 acres, the pumps lifting from 3 to 144 quarts per
stroke to a height of from 10 to 45 feet. Here are found the large steel
mills, with the latest improvements, running day and night whenever

1The Windmill as a Prime Motor, by Alfred R. Wolff, 1890, chapter 3, contains an account of
the early history of windmills. 9
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the wind velocity is sufficiently great. These reasons induced the
writer to select this locality as the field of his investigations.

WELLS NEAR GARDEN, KANSAS.

A brief description of the water supply and the wells of this locality
may assistin conveying an understanding of what follows. The water
is found in sand and gravel at distances below
the surface varying from 8 to 40 feet. This
material is in layers of variable thickness and
different degrees of coarseness, ranging from
fine sand to large gravel. It is overlain by a
layer of sandy clay, which in some places will
stand vertical for years without any support.
In other places there is very little clay in this
layer. The wells are usually 3 to 4 feet square,
and cased with wood through the top sandy
clay to the water-bearing sand; then a wood
or galvanized-iron casing from 12 inches to 3
feet in diameter extends down from 8 to 20 feet
into the sand to alayer of gravel. Where this
latter casing is large, three or more galvanized-
iron pipes 6 to 12 inches in diameter are put
down in the bottom of it, and these sometimes
have wire gauze over their tops to keep down
the sand. These galvanized-iron pipes have
perforations about one-fourth inch in diameter
for a distance of 2 feet or more from the bot-
tom for letting in the water. In many cases
instead of this small open well the supply pipe
is on a well point whose diameter is the same
as that of the supply pipe, and whose length
varies with the diameter. These well points
have not given satisfaction, and are being re-
placed by the open well.

The difficulty with many of the wells is that
they are not large enough; the water in them

P- is lowered too rapidly, producing such a rapid
N, plunger; B,spout; F,dis- , .
charge pipe; L, flange for INIOW as to carry sand, which cuts the valves

platform; H, plunger; T,cyl- and eylinder lining.
inder; Z, enlarged valve open-
ingand check valve; S, suction
pipe.

Fi1a.1.—View of Gause pump.

PUMPS.

Nearly all the pumps in use in this vicinity with windmills are
of the reciprocating-piston type. Fig. 6 shows what is called the
Stone pump, manufactured by R. G. Stone, of Garden. They are
made in three sizes—6-inch, 8-inch, and 10-inch, these dimen-
sions being the approximate diameter of the discharge pipe. The

































MURPHY.] INSTRUMENTS AND METHODS. 17

The curve shown in fig. 8 is for a rather lightly loaded mill—415.3
foot-pounds per stroke. It starts at a velocity of 6 to 7 miles per
hour, ascends less rapidly than in fig. 4, attains a maximum at about
15 miles per hour, when the number of strokes per mile is 62, and then
descends slowly, reaching 50 strokes at 30 miles. The number of
strokes per minute increases from about 5 at 8 miles to 25 at 30 miles.

M:ll No. }.—This, shown in the foreground of Pl. III, is an 8-foot
Ideal windmill, manufactured by the Stover Manufacturing Company,
Freeport, Illinois. This mill had been in use about one year and all
the parts were in good condition. The tower is of wood; the axis of
the wheel is 48 feet above the ground. The wheel has 15 fans, each

VELOCITY OF WIND IN MILES PER HOUR.
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F1G. 8.—Diagram showing results with Mill No. 8.

164 by 7 by 30 inches, set at an angle of 29° with the plane of the
wheel. It is back geared 23 to 1 and is held in the wind by a spring.
The pump is of the Stone make. The discharge pipe is 5§ inchesin
diameter and the supply pipe 3 inches in diameter. The length of
stroke is 8 inches. The plunger and check valves are of the single-
flap variety. The well is 2% by 2% feet down, nearly to water, a depth
of 5% feet. The 3-inch supply pipe extends down to a depth of 14
feet, and on the end of it is a 3-inch well point 6 feet long. The lift
may vary from 8% to 20 feet. It was probably about 12 feet at the
time of the test. The discharge per stroke was 2 quarts, The mean
IRR 8——2
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barometer pressure was 27.19 inches, and the mean temperature 83° F.
The water is pumped into a pond 115 by 31 feet and 3 feet deep. The
cost of the plant, including mill, pump, well, and pond, was $80.

The curve shown in Fig. 9, although for a quite lightly loaded 8-foot
mill—50 foot-pounds per stroke—is seen to start in a 10 to 11 mile
wind. The maximum is reached at 19 miles with a speed of 78 strokes.
The right portion of the curve is quite steep and is characteristic
of this make of mill. Mill No. 18 is the same size and make as this
one, and yet with a load of 89.2 foot-pounds it starts in a 7 to 8 mile
wind, reaching a maximum at about 13 miles at a speed of 104 strokes
petr mile. A second test, when the spring that holds the wind wheel
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Fi6. 9.—Diagram showing results with Mill No. 4.

in the wind was tightened up somewhat, gave the maximum at a
velocity of about 15 miles with a pump speed of about 114 strokes.
The difference in performance appeared to be due to difference in
pumps and wells.

M:ll No. 5.—This mill, shown in the background of Pl ITI, is an
8-foot aermotor, manufactured by the Aermotor Company, Chicago,
Illinocis. The tower is of wood and is 284 feet high to the axis of the
wheel. The exposure is good, and all the parts were in good work-
ing order at the time of examination, the plant having been in use
about one year. The wheel has 18 curved fans, each 30 by 124 by 5%
inches, making an angle of 294° with the plane of the wheel. It is
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back geared 3% to 1. The pump is Stone make. The discharge pipe
is 6 inches in diameter; the supply pipe, 3 inches in diameter. The
valves are both of the single-flap variety. The length of stroke is &
inches. The well is 4 by 4 feet to water, a depth of 104 feet. A 12-
inch wooden curb extends 12 feet farther into the sand and gravel
The discharge per stroke was 3% quarts and the lift 13 feet. The
water is pumped into a pond 110 by 30 by 24 feet. The cost of
plant, including pond, was $80.

This 8-foot mill, with a load of 95 foot-pounds, is shown by fig. 11
to start with an 8 to 9 mile wind, reaching a maximum at 13 to 15 miles
with 95 strokes per mile. At 30 miles per hour it is making 77

VELOCITY OF WIND IN MILES PER HOUR.
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F16G. 10.—Diagram showing results with Mill No. 5.

strokes per mile and 39 per minute. This curve indicates a quite
heavily loaded mill.

Mill No. 6.—This mill, shown in the background of Pl II, is an
8-foot Gem, manufactured by the United States Wind Engine and
Pump Company, Kansas City, Missouri. The working parts of the
mill are shown in P1. IV. The exposure is good and all the parts are
in good working order, the mill having been in use only about a year.
The wheel has 24 curved fans, each 304 by 10 by 44 inches, set at an
angle of 35° with the plane of the wheel. It is back geared 3 to 1.
The wheel is held in, the wind by means of a weight. The pump is
Stone make. The discharge pipe is 6 inches in diameter, the supply
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pipe 4 inches in diameter, and the length of stroke 8 inches. The
well is open to water for a depth of 6% feet. The supply pipe is on a
well point, the end of which is 16 feet below the surface of the ground.
The lift was 9% feet and the discharge 3y quarts per stroke. The
tower is built of wood and is 24 feet high to the axis of the wheel.
The mean barometer pressure was 27.02 inches and the mean tem-
perature 85° F. The plunger valve is of the double-flap variety, and
the check of the single-flap variety. '

Mill No. 7.—This is a 12-foot aermotor similar to Mill No. 3. The
tower is steel, having a height of 31 feet to the axis of the wheel.
The exposure was good and all the parts were in good working order,
the plant having been in use less than one year. The pump is the
Stone make, and is like that with Mill No. 3, except that the check
valve is of the solid-lift variety. The lift was 154 feet, and the dis-
charge 143; quarts per stroke. The water is pumped into a pond 135
by 50 by 2% feet.

VELOCITY OF WIND IN MILES PER HOUR.
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F16. 11.—Diagram showing results with Mill No. 9, aermotor.

Mill No. 8.—This is a 10-foot Star wooden mill, manufactured by
Bradley, Wheeler & Co., Kansas City, Missouri. The tower ismade of
wood and the axis of the wheel is 35} feet above the ground. The
water is pumped into an elevated tank 20 feet above the surfdace of
the ground, and is used for irrigation. The wheel has 60 plain fans,
each 87 by 5 by 2% inches, set at an angle of 33° to the plane of wheel.
It is held in the wind by means of a weight. It is not back geared, a
stroke of the pump being made to each revolution of the wheel. The
supply pipe is 2 inches in diameter and terminates in a well point, the
end of which is 18 feet below the surface of the ground. The cylinder















MURPHY.] INSTRUMENTS AND METHODS. 23

is 14 inches in diameter, the cylinder 24 inches in diameter. The
pump is of the common hand kind, with lift valve of the flap form and
plunger of thelift variety. The
valves leak some, as the dis-
charge is greater when the pump
is working rapidly than when
it is working slowly. The sup-
ply pipe is on a well point 2 feet
long and 14 inches in diameter,
whose lower end is 50 feet below
the surface of the ground. The
lift was 33 feet and the discharge
per stroke one-third of a quart
when pumping quite rapidly.
The mean barometer pressure
was 26.94 inches and the mean
temperature 97°.

Mill No. 11.—This is a 12-foot
Ideal, the working parts of which
are shown in fig. 12. The tower
is made of steel, the axis of the
wheel being 30 feet above the
ground. The exposure is good
and all the parts are in good K QN
working order. The wheel has y N
21 curved fans, 31 by 19 by 7
inches, set at an angle of 294°
to the plane of the wheel. It is
back geared 2% to 1, and the
wheel is held in the wind by a
spring. The discharge pipe is
8 inches in diameter and the
stroke 12 inches. The supply
pipe consists of two 3-inch pipes
© 14 feet long, each terminating \/
in a3-inch well point 3 feet long.
The valves are both of the single-
flap variety. The water is 394
feet below the surface of the
ground. The lift, as nearly as
could be ascertained, was 45 feet
at the time of measurement; the LJ
discharge, 9 quarts per stroke.
The water is pumped into a pond
60 by 40 by 6 feet. This plant has been in use about three years.
The mean barometer pressure was 26.91 inches, and the mean temper-
ature 91° F.

Fi16. 14.—Working parts of Frizell cylinder.
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This curve, shown in fig. 13, is for a heavily loaded (843.7 foot-
pounds per stroke) 12-foot mill. It starts with a velocity of about 10
miles per hour and reaches a maximum at about 23 miles, with a
piston speed of 57 strokes per mile. Af 30 miles it is making 51
strokes per mile. The maximum point of this curve is much farther
to the right than that of any other curve. The number of strokes per
minute increases from 5 at 12 miles to 25 at 30 miles.

Mill No. 12.—This is a 14-foot Ideal, shown in fig. 16. The tower
is made of steel, 30 feet high to the axis of the wheel. The wheel
has 24 curved fans, each 484 by 174 by 8 inches, set at an angle of 30°
with the plane of the wheel. It is back geared 24 to 1. The pump
is Frizell make, shown in fig. 14. The discharge pipe is 10 inches in
diameter; the cylinder 9% inches; the supply pipe is 6 inches in diam-

VELOCITY OF WIND IN MILES PER HOUR.
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F16. 15.—Diagram showing results with Mill No. 12.

eter, terminating in a well point 10 feet long and 6 inches in diame-
ter, the lower end of which is 32 feet below the surface of the ground.
The 1lift, as nearly as could be estimated, was 11 feet; the discharge,
11.6 quarts per stroke. The mean barometer pressure was 27.04
inches and the mean temperatare 81° F. The water is pumped into
a reservoir 100 by 100 feet and 3 feet deep. The pump has been in
use about one year.

The curve, shown in fig. 15, is for a very lightly loaded (263.5 foot-
pounds) 14-foot mill. This load is only 31 per cent of that of the 12-
foot mill, No. 11. The curve starts with a 7 to 8 mile wind and reaches
9 maximum at 15 miles with a piston speed of 58 strokes per mile of
wind. Af 30 the piston speed is 47 strokes.

























































MURPHY.] DISCUSSION OF RESULTS. 35

No. 12, while it is doing 300 per cent more work than No. 21. The
15%-foot Jumbo will probably do very little more work during the sea-
son than a good 8-foot mill.

RELATION BETWEEN WIND VELOCITY AND STROKES.

The preceding diagrams show graphically the relation between the
wind velocity in miles per hour and the strokes of the pump. The
curves, as will be noted, differ considerably; but with the exception
of No. 23 for Mill No. 20, they agree in that they rise rapidly,
reaching the highest point or greatest number of strokes at from 13
t0'19 miles of wind velocity. From this point they descend slowly.
They differ much in the position of the beginning of the curve, or the
velocity required to start the mill. Some will run in an 8-mile wind;
others require a 10 or 12 mile wind to start them. Some rise less rap-
idly than others; a notable case is Mill No. 11. Some descend much
more rapidly than others after reaching the highest point. This is
especially true of the 8-foot Ideals. Mill No. 12 (Pl. V) required a
14-mile wind to start it, and does not appear to have a maximum.

The shape of the curve, especially the position of its beginning
point, is due to the load on the pump, or the number of foot-pounds
per stroke. Increasing the load moves the curve to the right and
" raises it higher. This will be shown more fully in the discussion of
power Mill No. 27. The height of the highest point and its position
depend on the tension of the spring, or the weight which holds the
mill in the wind. The greater the tension, the higher the summitand
the farther it is to the right. DMill No. 20 has no method of reducing
the wind area, and hence the curve has no summit, as shown in fig.
17. The less the tension in the spring, the steeper the descent from
the highest point. The gearing—that is, the mechanism for causing
the pump to make a stroke to each revolution of the wheel, or only a
stroke every second or third revolution—modifies the curve. If work-
ing with a direct stroke, the curve is much higher and is farther to
the right than if back geared, as shown by a comparison of mills 3
and 21, shown in figs. 8 and 20.

USEFUL WORK IN HORSEPOWER.

The relation between wind velocity and horsepower is shown graph-
ically for five 12-foot mills on djagram No. 31 and for four 8-foot mills
on-diagram No. 32. Examining the five curves of fig. 25, we see that
No. 11, the one which gives the greatest horsepower, has the heaviest
load and requires the greatest wind velocity to start it. No. 2 has
about five-eighths the load of No. 11, does less work, and requires
about the same wind velocity to start the pump. No. 3 has a lighter
load than No. 2 and will start in a wind of about 7 miles per hour.
No. 19 has a little heavier load than No. 3 and does much less work
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at all velocities. The latter requires a 9 to 10 mile wind to start it,
while the former will start in a 7 to 8 mile wind. No. 21 is doing the
least work of the five, and requires about an 11-mile wind to start it.
It is a wooden mill working direct stroke, while the others are steel
mills and back geared. It must be understood in this comparison
that no correction or allowance is made for difference in temperature
and barometric pressure, nor for the fact that in Nos. 11 and 19 the
pumps are in well points, while in the others they are in open wells.

It is seen that in fig. 25 none of these curves reach a maximum
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F1G. 25.—Diagram showing relation between horsepower and wind velocity for five 12-foot mills.

point below 30 miles per hour. They do, however, for some higher
velocities, since the work per stroke of pump is nearly constant for
each pump for all velocities, though not the same for one pump as
for another. These curves also give the relation between wind veloc-
ity and number of strokes of pump per minute.

In fig. 26 the curve for No. 18 is seen to reach a maximum at 20
miles per hour, and No. 4 reaches a maximum at about 25 miles per
hour. The others reach their maximum points for velocities at about
80 miles. These maximum points are points of greatest piston speed,
and are produced by a reduction of wind area, the wind wheel turning
out of the wind. This make of millis seen to ‘“ govern” or turn out of
the wind at a lower velocity than other makes. Comparing the curves
on diagram No. 26, we see that the one doing the most work in high
velocities is No. 5, the one which is the most heavily loaded. The
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principal differences between Nos. 4 and 18—the ones giving the most
and the least work for velocities less than 22 miles per hour—are in
the load and well. No. 4 has five-ninths of the load of No. 18, and
is on a well point. The two doing the least work are on well points.

Mill No. 25 is used to pump water for stock. Comparing it with
that of, say, No. 5, we see that its load is about five-ninths, and that
it is doing about one-tenth as much work as the latter. It will start
with a wind velocity of about 6 miles per hour, while the latter
requires a velocity of about 84 miles.
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F16. 26.—Diagram showing relation between horsepower and wind velocity for four 8-foot mills.

COMPARISON OF BACK-GEARED AND DIRECT-STROKE MILLS.

Comparing the curves of fig. 25, which gives the relation between
horsepower and wind velocity for five makes of 12-foot mills, we see
that the one giving the least power is working direct stroke. It
required the greatest velocity to start it, and is doing less work at all
velocities than any of the other four. In a 20-mile wind it is making
40 strokes per minute, and in a 25-mile wind 48 strokes per minute.
This is too rapid a rate; 30 strokes per minute is as rapid as a pump
of this size should work. Hence the horsepower of this mill would be
less than shown in the diagram if run at a proper rate. The only way
that it can be made to do more work without back gearing it is by
increasing the load per stroke, but this will increase the velocity
necessary to start it, and cause it to remain idle a greater part of
the time. Comparing the working of this mill and, say, No. 3, we see
that the work per stroke of No. 3 is 415 foot-pounds and that of No.
21 is 141 foot-pounds, or the former is doing about three times as much
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work per stroke as the latter, and the latter is making about 1.8 times
as many strokes per minute as the former in a wind velocity of 16 or
more miles per hour. The former being back geared 3% to 1, its wheel
is revolving about 1.9 times faster than that of the latter. Now,
examining the curves of fig. 27, we see that the speed of the wheel
has much to do with the useful work done. When the speed is low,
as it must be in a mill working direct stroke and not too rapidly for
proper action of the valves of the pump, a slight increase in load
reduces the speed a good deal. When the speed is nearly doubled,
as in the case of Mill No. 3, the load may be increased considerably
without reducing the speed much. Hence back gearing not only
enables the mill to work with a given load in a much less wind velocity
than one working direct stroke with the same load, but it enables the
wheel to run at a velocity that gives more power.

PUMP LOAD DUE TO WELL POINT.

On examining well points that have been used for a time, it is seen
that many of the little openings through which the water passes into
the pump have become filled with fine grains of sand, thus reducing
the area through which the water can entfer the pump. If this area
was of the proper amount when the point was new, it has become too
small after having been used for a time, or after standing in the
ground for a time without being used. If this area is too small to
allow free flow into the pump, an added load is put on the pump.

To measure the mean pull of the pump, an instrument was devised
by Mr. R. G. Stone, of Garden, consisting essentially of a spiral
spring, whose compression was proportioned to the pull, and a pencil
which moved up and down over a smooth surface. The spring was
calibrated and the pull in the pump rods of four pumps measured
with it. The four pumps selected were operated by the same size and
make of mill, and the pumps were the same except as tosize of supply
pipe, valves, and kind of well. The discharge was practically the
same, but the lifts differed slightly. These were Nos. 3, 7, 13, and
22. The following table gives the pull in each case after redueing to
a common lift of 17 feet:

Added load due to pump.

No. mill. Lift. Kind of well. Mean pull.
Pounds.
s S 134 { Open ________._.____ 597
7o 17 | Open __.___.__.__. 734
18 ... 12 | 4-inch well point _. 944
22 .. 184 | 4-inch well point .. 819

L

The straining capacity of No. 7 is not as great as that of No. 3, and
the resistance of the valves is greater in No. 7 than in No. 3.
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USEFUL WORK DONE IN A GIVEN TIME.

The useful work which two mills of the same wind area, exposure,
and general character will do depends on the magnitude of the load
on the mill and the wind velocity. If the mill is heavily loaded it
will do more work in velocities of 12 or more miles per hour, and less
in lower velocities than one of a lighter load. The useful work done
in a given time is the-produect of the work done per hour at the mean
velocity, and the number of hours during that time. If the mean
velocity at a given place is low, the mill load must be less for maxi-
mum work than that at a place where the mean velocity is higher.
To illustrate this fact we use the results of tests of two 12-foot pump-
ing mills (fig. 25): No. 11, heavily loaded, and giving the greatest
horsepower of all the mills tested at high wind velocities; and No. 3,
giving the greatest power at low velocities. The useful work per
stroke of pump is 844 foot-pounds for No. 11, and 415 foot-pounds
for No. 3. The useless work of the former is greater than that of the
latter, since the pump is on two well points in the former, while the
pump of the latter is in an open well.-

The relation between the horsepower and the wind velocity for
these millg is shown in the diagram (fig. 25). The curves are seen to
cross each other at a wind velocity of 124 miles per hour. For less
velocities than this No. 3 is doing more work per hour than No. 11,
and for greater velocities No. 11 is doing more work than No. 3. If
the velocity at this place were, say, not more than 13 miles per hour,
it is very evident that mill No. 3 would do more work in any time than
No. 11.

There is no record of wind movement at Garden, Kansas, for any
considerable length of time. There is one, however, for Dodge, 50
- miles east of Garden, kept by the United States Weather Bureau,
which may be used for this purpose. The following table gives the
mean number of hours per month for the six months, April to Sep-
tember, for the seven years 1889 to 1895, that the wind movement was
0-5, 6-10, 11-15,.16-20, 21-25, 26-30, 31 and upward miles per hour.

Mean wind movement at Dodge, Kansas, for the seven years 1889 to 1895.

Months. 05 | 610 1115 | 16-20 | 21-25 | 26-30 ol
April _.___ 116 | 1751 157 113 76 43 40
May ... 16| 195 ; 168 120 74 39 32
June. ... 120 | 1871 139 111 86 49 28
July .._._. 144 218 176 17 57 23 9
August .| 178 | 230 152 99 62 18 5

. September [~ 166 182 152 93 75 34 18
Mean | 140 | 198 ; 157 109 72 34 22
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It is seen from this table that the wind velocity is 5 miles or less per
hour for 140 hours per month at this place. During this time neither
of these mills will do any work, as neither will start in a 5-mile wind.
The velocity is from 6 to 10 miles per hour for 198 hours per month.
Mill No. 3 will start in about a 7-mile wind, and bence will run about
four-fifths of this time, or 158 hours. No. 11 requires 114 mileg of
wind to start it, and will do no work during this time. The velocity
is 11 to 15 miles per hour for 157 hours during the month. No. 3 will
work all of this time, and No. 11 about nine-tenths thereof, or 141
hours. Both mills are running for all higher velocities. Mill No. 3
will run (if in the wind) about 75 per cent of the time at this place, and
No. 11 about 51 per cent of the time.

Comparative performance of two mills.

Mill No. 3. Mill No. 11.
Velocities.

Hours. | Power. | Product. | Hours. | Power. | Product.

6-10.. . ___..... 158 0.067 10.6 0 0.0 0.0
11-15. ... _..... 157 .168 26.4 141 .19 26.8
16-20__._._._... 109 .230 25.1 109 .40 43.6
Q125 _ ... 72 R 19.9 72 .56 40.3
6-30_ ... _.. 34 .308 10.5 34 .63 21.4
31 and upward . 22 .320 7.0 22 e 64 14.1
Sum ... [ L. 99.5 [ 146.2

Columns 2 and 5 of the above table give the nunber of hours during
the mean month that each mill was running with a wind velocity of
from 6 to 10, etc., miles per hour. Columns 3 and 6 give the horse--
power for the mean velocity; for example, 0.168 is the horsepower
for No. 3 at 13 miles per hour, and 0.19 is the horsepower for No. 11
for the same veloeity. Columns 4 and 7 give the product of the num-
ber of hours and horsepower that each mill is yielding during the
month. It is seen that No. 11 is doing 31 per cent more useful work
than No. 3. If this comparison is made for the month of August, it
will be found that No. 11 will do 26 per cent more useful work during
this month than No. 3.

POWER MILLS.

The working parts of Power Mill No. 27 are shown in fig. 22. Instead
of the reciprocating motion of the pumping mill, there is here a cen-
tral shaft which is caused to rotate by beveled cog wheels. The sizes
of the cog wheels are so taken that this central shaft makes six revo-
lutions to one of the wind wheel. The pumping mill being back
geared 3% to 1, and the power mill being geared forward 6 to 1, the
vertical shaft makes twenty revolutions to one stroke of a pump
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worked by a pumping mill whose wind wheel is running at the same
rate as that of a power mill. At the lower end of this shaft is a foot
gear, shown in fig. 23, on which is placed the pulley which runs the
grinder or other machine.

The power that a windmill is capable of developing can be deter-
mined better from a power than from a pumping mill, because the
efficiency of the pump, which may be anything from 20 per cent to 85
per cent, is eliminated, and because the load on the mill ean be varied
at will, and thus the effect of load on the power can be determined
for different wind velocities. To measure the power of this mill a
pulley 9% inches in diameter was fitted to the shaft at A, fig. 23, and
a Prony friction brake, having an arm about 3 feet long, made to fit
the pulley. A spring balance reading to quarters of a pound was
made fast at one end, the other end being fastened to the arm of the
brake. The speed of the shaft was found to be too great to be taken
by a recorder, so a speed counter was used. By turning the nuts on
the under side of the brake the spring balance could be made to read
any desired number of pounds, and thus the load on the mill could
be regulated. By holding the speed counter on the end of the shaft,
throwing it in gear at the beginning of a mile of wind and throwing
it out of gear at the end of the mile, the number of revolutions of pul-
ley was found. The time of making the mile was also noted, from
which wind velocity was found. If % equal the number of revolu-
tions of pulley per mile of wind, L the load as shown by spring
balance plus load of arm, and R the length of brake arm, we have
the number of foot-pounds per mile of wind: Foot-pounds=Lwu 2 7z R.

In fig. 27 are given four curves showing the relation between the
number of foot-pounds per mile of wind and the wind velocity for
four loads, namely, 6 pounds, 4 pounds, 2 pounds, and 0 pounds.
These curves are constructed in the same way as those of figs. 4, 8, 9,
11, 13, 15, 16, 18, and 20, by drawing a smooth curve among a series
of points whose ordinates are found from the above equation and
whose abscissas are the observed velocity of wind, so as to have about
as many points on one side as on the other. The left, or steep part,
of each enrve is the most difficult to determine, and has a less degree
of accuracy than the rest of the curve; owing to the velocity being
low, several minutes are necessary to make a mile, and the wind may
vary considerably during this time. It may be nearly an average all
the time and the mill scarcely move, or it may be twice as rapid the
latter half of the time as the first half, and the number of revolutions
for the same mean velocity will be quite different in the two cases.

Another reason why the steep part is less accurate is that a very
little movement to the right or left of this portion will change the
number of foot-pounds much more than in any other part of the curve.
The curve A B is for no brake load. The brake was off the pulley;
no useful work was being done, but the resistance of the moving parts



42 WINDMILLS FOR IRRIGATION. [xo. 8.

of the mill was being overcome. The pull necessary to overcome this
resistance was found by standing on the platform of the mill and pull-
ing the wind wheel around at uniform low speed with a spring balance.
This was checked by winding a cord round the circumference of the
wind wheel, and, standing on the ground, moving the mill when there

VELOCITY OF WIND IN MILES PER HOUR.
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F16. 27.—Diagram showing useful work for different loads of Mill No. 27.

was no wind by pulling on the spring balance attached to thiscord. A
pull of 11 pounds applied at the circamference (6 feet from center of
wind wheel) was sufficient to overcome this resistance at a low veloc-
ity. Since the brake pulley is geared forward 6 to 1, the number of
foot-pounds per revolution of brake pulley necessary to overcome this



MURPRY.] DISCUSSION OF RESULTS. 43

resistance is 7.9. The number of foot-pounds per mile of wind for
other velocities is then easily found from speed of brake pulley.’

The greater part.of this curve, A B, fig. 27, is seen to be a nearly
horizontal straight line, the number of foot-pounds per mile of wind
required to run the machinery being nearly constant. The other
three curves of this plate are for useful work only; the useless work
is not included in them. The highest point of these curves is seen to
rise and move to the right as the load increases, and the part to the
right of the highest point is seen to become more and more steep as
the load increases. A broken line, A K, has been sketched tangent

VELOCITY OF WIND IN MILES PER HOUR.
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Fia. 28.—Dia.gra1;1 showing horsc;pov;er fo;- different loads of Mill No. 27.
to these curves. It is the envelope of them and is concave to the hor-
izontal coordinate axis. It would give the relation between foot-
pounds per mile of wind and wind velocity if the load could be
increased as the velocity increases.

Fig. 28 shows the relation between the horsepower and the wind
velocity for the four loads—6 pounds, 4 pounds, 2 pounds, and 0
pounds. They are obtained from the curves of fig. 27 by reduc-
ing foot-pounds per mile of wind to horsepower; that is, for any
velocity of, say, 16 miles per hour and load of, say, 2 pounds, divide
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the ordinate a b, fig. 27, by $¢ (the number of minutes required to
make the mile), and by 33,000, and we have the corresponding ordi-
nate a’' b’ of fig. 28.

It is seen from these curves that for any brake load the power of
the mill increases rapidly as the wind velocity increases, and reaches
a maximum for some velocity greater than 30 miles per hour. As the
load increases, the velocity required to start the mill increases rapidly
and the curve becomes more steep. For a given wind velocity the
power increases rapidly as the load increases. For a velocity of 30
miles the power is nearly proportional to the load for loads less than
6 pounds. It is seen that when the velocity is less than 12 miles a
4-pound load is too great, and when the velocity is less than 19 miles
a 6-pound load is too great. The dotted curve D K, which is the
envelope of these curves, gives the relation between power and wind
velocity for a constantly increasing load. It is seen that there would
be a great saving of power by the use of a device which would auto-
matically increase the load as the velocity increases. The horsepower
would then be given by the curve D K, instead of by one of the cther
curves.

Results of computations of power mills.

g | Foot- pounds per mile of wind when hourly
S § velocity in miles is— .
z Name. Owner. 18
= [+
g S1E| s |12 | 16| 20 | 25 | 30
. Ft. |Lbs.
Perkins ... Geo Gilbert. ... 14 6 .
.-{ E. C. Murphy...| 12 6
do 12 4
12| 2
12 0
1 g
. Useful work in horse power | =%
= | Foot-pounds per minute when hourly wind a3
s | & velocity in miles is— Kh!gﬁeg‘;gily wind velocity g
Z |z g
g |4 28
E 5,3 8 12 16 20 25 30 8 |12 (16| 20 | 25 | 30 gS’
Lbs.
26| 6
211 6
201 4
21 2
200 0

TOTAL ENERGY OF THE WIND.

The curve A B shows the relation between wind velocity and the
total horsepower possessed by the wind at the temperature of 46° F.
and the barometric pressure of 28.9 inches. It is found from the rela-

Ve
tion H ="
ion Horsepower= 2% VA 550

air at this temperature and pressure, A the vane area equals 72.9

where w is the weight per cubic foot of
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square feet, V the velocity of wind in feet per second, and g the accel-

X T .
eration of gravity. w was found from the formula w= _pﬂ W, %

0 ’

in which T, = 273° C., w, = .0807 pounds per ecubic foot, p, = 14.7
pounds per square ineh, T = 281° C., p = 28.9 inches, and C = the
temperature expressed in centigrade degrees. Substituting these
values, Horsepower = .00021 V3,

EFFICIENCY OF MILL.

By dividing any ordinate of a load curve by the corresponding
ordinate of this curve A B, we have the efficiency of the mill for this
load and velocity of wind. LOAD IN POUNDS ON SPRING BALANCE.

It is easily seen that the effi- ¢ 0 2 4 i 8
cieney increases as the veloe-
ity decreases and as the load vz3
increases. The maximum
efficiency is given by the ratio
of the ordinate of the dotted
curve to the corresponding
ordinate of curve A B. This
efficiency for a load of 2
pounds and a velocity of 9
miles per hour is 40 per cent,
using as wind area the sum
of the areas of the fans. At
14 miles with a load of 4
pounds it is 36 per cent. If
the load at this velocity be
reduced to 2 pounds the effi-
ciency is reduced to 24 per
cent. ’ 100 K

Fig. 29 shows the relation

between load and number of

revolutions of the brake pul-

Iey for velocities of 8, 12. 16 F16. 29.—Diagramshowing relation between number of
K ’ [ revolutions of brake pulley per minute and load for
20, 25, and 30 miles perhour. different wind velocities for Mill No. 27.

It shows how much the speed is reduced by a given change of
load. It is seen that for a velocity of 8 miles per hour changing
the load from O to 2 pounds reduces the speed 60 per cent. When
the velocity is 12 miles, changing the load from 0 to 2 pounds reduces
the speed about 17 per cent, and changing from 2 to 4 pounds reduces
it nearly 50 per cent. When the velocity is 16 miles, changing the
load from 0 to 2 pounds changes the speed very little. When the
velocity is 20 miles, the speed remains abont constant for 2 and 4
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11. P. Churche’s Mechanics of Engineering, p. 611, John Wiley & Sons, New York. Table
giving results of computations of power mills.
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pounds; at 25 and 30 miles the speed remains neariy constant for
loads from 2 to 6 pounds.

MATHEMATICAL RELATION BETWEEN WIND VELOCITY AND POWZXER.

The relation between wind velocity and power of windmill is
expressed graphically by the curves of fig. 28. The mathematical
expression of this relation is given by Mr. A. R. Wolff on page 30 of
his book, The Windmill as a Prime Motor, as Lv (or foot-pounds per
ske*d

v

g

fan, s=surface of fan in feet, c=velocity of wind in feet per sec-
ond, L=useful wind pressure on fan, d=density of wind, g=accel-
eration due to gravity, k is a coefficient, and a=the angle that the
wind makes with surface of fan. It is seen that for a given wind
velocity, density of air, and wind area, this expression for useful
work is a funetion only of the velocity of the moving fan; it is not a
function of the load on the mill. Fig. 29 shows that for a wind
velocity of 30 miles per hour, and with a nearly constant velocity
of wind area (v in the above formula), the load can be more than
double, and thus the power more than doubled. It is evident, then,
that however well this formula may give the power of the old Dutch
mill or other modern mills not back geared, it gives results very much
in error for a steel back-geared mill. Judging from the results of
these tests, a formula giving the power of a steel back-geared mill
should contain a factor which varies as the load on the mill varies.

second) =

. v . .
<sm a— = cos a) cos a, where v=velocity of

GENERAL CONCLUSIONS.

1. The pumping power of windmills, or the useful work they do
when raising water with reciprocating pumps of sizes from 4 to 10
inches diameter, is small—not greater that 0.65 of 1 horsepower for
12-foot mills, and much less than that claimed for them by some wind-
mill makers.

2. The pumping power of windmills made for irrigating purposes
is much greater than that of those which have been used for raising
water for stock purposes.

3. The pumping power of the steel back-geared mills is greater than
that of the wooden mills working with direct stroke.

4. The power of the Jumbo mill is much less—except for very high

-wind velocities—than that of the steel back-geared mills.

5. Well points produce a greater load on a windmill for a given lift
and quantity of water than open wells.

6. Perhaps the most important result shown by these tests, and one
that has not been clearly shown before, as far as the writer has seen,?

1 Abstract of paper on * Windmills for raising water,” by J. A. Griffiths: Proc. Inst. Civil
Eng.. Vol. 119, 1895, p. 15.
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is the influence of load on mill, or number of foot-pounds per stroke
of pump on the power of a mill. The influence of this load factor on
the power can be seen by comparing the power of two pumping mills
of the same diameter whose loads differ considerably; but it is much
better shown by the tests of Power Mill No. 26. These tests show that
for high velocities—25 or 30 miles—the power is very nearly propor-
tional to the load on the mill. For 30 miles per hour, a brake load of
2 pounds gave 0.54 horsepower; a 4-pound load, 1.09 horsepower; and
a 6-pound load, 1.55 horsepower. The influence of this factor on the
power is so great that if it is not properly taken into account, it
obscures the influence of resistance of well points and the working of
valves of pump or the efficiency of the pump.

7. Another fact brought out by these tests, and which follows as a
result of the previous ones, is that there should be some automatic
device for increasing the load on a mill as the wind velocity increases.
‘When the velocity is low—say 6 miles per hour—the load should be
small enough to enable the wind wheel to run at a rapid rate—the rate
for maximum power—and then as the wind velocity increases the load
should be increased, so
asnot to allow the wheel A
torun at ahigher speed.
This is a very promis-
ing field for the inven-
tor.

8. If the load can not
be automatically in-
creased as the wind ve-
locity increases, then
- the question arises,
What is the proper or
most economical load ?
This depends on the ve-
locity of the wind each
month at the given
place. During the
months of July and
August there are a greater number of hours of low wind velocity than
during any other two months of the year. The load should be light
during these months for the greatest power. If the wind velocity is
known, and the mill is one of the sizes and makes shown in the dia-
grams, the proper load can easily be computed. The mills in the
vieinity of Garden, Kansas, would do more useful work if more heavily
" loaded.

It is seen that the useful work that a windmill will do when work-
ing under a constant load at all velocities is small, the horsepower
varying as the first power of the velocity. By some device for auto-

B

F16¢.30.—Diagram of forces acting on vane of mill.
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matically increasing the load as the wind velocity increases, the power
may be much increased at high velocities, and will then vary as the
second power of the velocity. Even with this device for increasing
power there is still a great difference between the power possessed
by the wind and the power developed by the mill, and this difference
increases as the velocity inereases.

The reason why the windmill utilizes so small an amount of the
energy of the wind may be seen from the following: Let A B, fig. 30,
be a strip taken from the outer end of one fan of a windmill. It is
curved, but for this purpose it may be considered a plane. This strip
makes an angle a with the absolute direction of the wind. C rep-
resents the amount and direction of the wind; V represents the
amount and direction of the velocity of the surface A B. Then the
relative velocity of the wind—that is, its velocity with respect to the
moving surface A B—is V', the diagonal of the parallelogram con-
structed on V and C as sides, V' makes an angle £ with the sloping
surface A B. If V=0—that is, if the wheel is held so that it can
not revolve—the angle ff=a. As V increases £ grows less and
less, and finally becomes zero, in which case V' is parallel to surface
A B. In this case the surface receives no pressure from the wind—
this portion of the fan is not utilizing any of the energy of the wind.
It V be still further increased, 8 becomes negative, and the wind pres-
sure is on the opposite side of A B. This portion of the fan is then
doing work on the wind instead of the wind doing work on the fan.
The effective wind area of a fan being the projection of the fan on a
plane at right angles to the relative velocity of wind over it—that is,
to V'—it is seen that as V increases the effective wind area decreases.
The energy which the fan takes from the wind is proportional to the
.effective wind area. It is seen, then, that this reduction of effective
wind area is the reason why the efficiency is low at high velocities. If
this effective wind area could be kept constant by some device for
changing the angle of the fans, the relation between wind velocity and
horsepower might vary nearly as the third power of the wind velocity.

In this discussion we have not taken into account the reduction of
wind area due to the wind wheel swinging out of the wind, or ‘‘regu-
lating.” The mill ecan be built strong enough so that it will not need
to regulate for velocities less than 30 miles an hour,
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